The hedgehog (Hh) pathway plays an important role in embryonic development, tissue polarity, cell proliferation, and Carcinogenesis[@b1]--[@b5]. Smoothened (SMO), the seven transmembrane domain-containing protein, serves as the key player for signal transduction of this pathway, whose function is inhibited by patched (PTC), another transmembrane protein, in the absence of Hh ligands[@b6],[@b7]. Binding Hh to its receptor PTC releases this inhibition, allowing SMO to signal downstream, eventually to Gli transcription factors. As transcription factors, Gli molecules can regulate target gene expression by direct association with a specific consensus sequence located in the promoter region of target genes[@b8],[@b9]. Hh signaling has been reported to be activated in many types of human cancer, including cancers of the skin, brain, gastrointestinal tract, prostate, lung, and breast[@b6],[@b10]--[@b14]. Thus, the discovery and synthesis of specific signaling antagonists for the Hh pathway has significant clinical implications in novel cancer therapeutics[@b15]. Cyclopamine (Cyc), a plant alkaloid, was the first described Hh signaling inhibitor[@b16],[@b17]. However, the poor solubility and the low potency of Cyc prevent its clinical usage.

To increase the solubility and efficacy of Cyc, we generated cyclopamine tartrate (CycT) through reaction of Cyc with tartaric acid. Here, we report the properties of CycT and its effectiveness in inhibiting hedgehog signaling-mediated Carcinogenesis.

Materials and Methods {#s2}
=====================

Mice {#s2a}
----

Krt14-cre mice [@b18], obtained from the eMICE NCI Mouse Repository program, *R26-SmoM2^YFP^* mice [@b19], purchased from the Jackson Laboratory (Bar Harbor, ME, USA), and Krt6a-cre: *Ptch1^neo/neo^* mice, which were generated as described previously[@b20], were maintained and mated under pathogen-free husbandry conditions. The offspring was screened using PCR to determine their transgenic status according to the instruction from the vendors. All animal studies were approved by Institutional Animal Care and Use Committee at Indiana University.

Hh inhibitors {#s2b}
-------------

Cyc was isolated and purified as previously described[@b21]. 3-Keto-N- (aminoethyl-aminocaproyl-dihydro-cinnamoyl) (KAAD)-Cyc[@b17] was purchased from Toronto Natural Products, Inc. (Toronto, ON M5R 2G3, Canada). CycT ([Figure 1](#cjc-30-07-472-g001){ref-type="fig"}) was generated by reacting 1 mole of tartaric acid with 2 moles of Cyc. The mixture was heated until the solution volume decreased to one third, after which diethyl ether was added. The solution was then cooled, filtered, and precipitated. The purity of CycT was examined by high-pressure liquid chromatography.

![A diagram of the cyclopamine tartrate (CycT) salt structure.](cjc-30-07-472-g001){#cjc-30-07-472-g001}

Assessment of acute toxicity {#s2c}
----------------------------

The acute toxicity and LD~50~ of Cyc and CycT were evaluated using 129S1/SvlmJ mice, weighing 18 to 22 g (stock number 002448, Jackson Laboratory, Bar Harbor, ME, USA). Cyc and CycT were dissolved in 100% ethanol, diluted in saline buffer to a final concentration of 5% ethanol, and intraperitoneally administered to mice at different doses, with 10 mice per dose. An additional 10 mice were treated with the same volume of 5% ethanol in saline buffer (control). The end-point was death or survival 7 days after treatment.

Analysis of Cyc and CycT in mouse blood samples {#s2d}
-----------------------------------------------

After Cyc or CycT administration, blood was drawn from the mouse tail vein at different time points (0, 0.5, 1, 3, 4, 8, 16, 24, 28 h) and kept at --20°C. For analysis, samples were thawed at room temperature and centrifuged at 12 000 rpm for 5 min in a Beckman benchtop centrifuge. Centrifuged samples were mixed with an equal volume of acetonitrile (Sigma, St. Louis, MO, USA), vortexed for 30 s, and then centrifuged again, as above. The transparent liquid was removed and placed into a micro autosample vial and again centrifuged as above. Samples were then analyzed for Cyc and CycT by liquid chromatography-mass spectrometry using a Thermo Fisher LCQ mass spectrometer equipped with a Surveyor autosampler, MS solvent pump, electrospray ionization source, and Betasil C18 (5 µ, 100 mm × 2.1 mm) column (Thermo Fisher, Waltham, MA 02454, USA). Samples were eluted with 0.1% formic acid and acetonitrile at a flow rate of 0.300 mL/min as follows: 20% acetonitrile (0--1 min), linear gradient increase from 20% to 60% acetonitrile (1--2 min), isocratic flow of 60% acetonitrile (2--10 min), and returned to 20% acetonitrile (10--11 min), followed by column re-equilibration for 5 min before the next injection. The mass spectrometer was operated in the MS/MS mode scanning a parent ion range of (412.3 ± 1) *m/z*. Instrument parameters (collision, activation Q, and activation time) were adjusted manually to provide a full scan MS/MS spectrum (100--500 m/z) with a parent ion (MH^+^ = 412) relative intensity of ∼10%. Peak area was measured from reconstructed ion chromatograms generated from the sum of three selected MS/MS ions (321, 377, and 394 m/z). Quantitation was based on a 5-point calibration curve (1000, 500, 250, 125, and 31 ng/µL) prepared by dilution of a stock solution (1.0 mg/mL Cyc or CycT in 50% acetonitrile) as follows: 20 µL in 0.980 mL, then 100 µL in 1.900 mL, followed by serial dilution.

Drug treatment protocol {#s2e}
-----------------------

Mice with basal cell carcinomas were treated with the chemicals daily for 21 days by topical application. Cyc (5 µmol/L), CycT (0.5 and 5 µmol/L), and the known Cyc derivative KAAD-Cyc (1 µmol/L)[@b17] were diluted to working concentrations (as indicated) in 70% ethanol and embrocated on the skin surface in the upper and lower areas of the abdomen daily for 21 days. As a control, 70% ethanol was embrocated in the middle belly. Each group had at least 6 mice (6 mice for Krt6a-cre: *Ptch1^neo/neo^* and 10 mice for Krt14-cre: *SmoM2^YFP^*) depending the availability of the genotype. At the end of the study, skin biopsies were collected for hematoxylin and eosin (HE) staining. Five sections were obtained from each mouse, and 5 to 8 fields were selected from each section for ImageJ analyses to obtain the percentage of tumor area per field. An average value and standard deviation for all 5 sections was calculated from the values derived from ImageJ for each group. The values from different groups were compared.

Histology and microscopic basal cell carcinoma (BCC) analysis {#s2f}
-------------------------------------------------------------

Skin tissues were collected after each experiment. Half of the tissue was frozen on dry ice and immediately stored at --80°C. The other half was fixed in 10% formaldehyde overnight, paraffin embedded, sectioned at 5 pm, and stained with HE. Four to eight epidermal fields were randomly chosen in each section. The viable tumor areas in selected tissue fields were quantified by manually demarcating the tumor boundary on an electronic image of an HE-stained section. The proportion of tumor area to the total tissue field was quantified using ImageJ with 5 fields analyzed for each section (at least 6 mice per group).

RT-PCR and real-time PCR {#s2g}
------------------------

Total RNA was isolated from the tissues stored at --80°C using TRIzol reagent (Sigma, St. Louis, MO, USA) according to the manufacturers\' instructions. One µg of total RNA was reversely transcribed into cDNA using the first-strand synthesis kit (Roche Applied Science, Indianapolis, IN, USA). Quantitative PCR analyses were performed according to a previously published procedure using primers and probes from Applied Biosystems[@b22],[@b23]. Triplicate CT values were analyzed in Microsoft Excel using the comparative CT method as described by the manufacturer (Applied Biosystems, Foster City, CA, USA). The amount of target was obtained by normalization to an endogenous reference (18S RNA) and relative to a calibrator.

Motor neuron differentiation from mouse embryonic stem cells {#s2h}
------------------------------------------------------------

Mouse embryonic cell line E14Tg2a.4 was purchased from Mutant Mouse Regional Resource Centers at UC Davis (Davis, CA, USA) and cultured according to a procedure from the source (<http://www.mmrrc.org/strains/E14/Ctr_protocol.pdf>). Motor neuron differentiation was performed according to a previously published protocol[@b23]. In short, embryonic bodies were formed from embryonic stem cells (5 × 10^5^ cells/mL) cultured in embryonic stem cell medium without leukemia inhibitory factor (LIF) on ultra-low adhesive plates for 2 days. Motor neurons were induced by addition of retinoic acids (100 nmol/L) and purmorphamine (2.5 µmol/L) for 5 to 7 days [@b24],[@b25]. The effects of CycT, Cyc, KAAD-Cyc on motor neuron differentiation were tested by incubating the compound separately with motor neuron induction medium at given concentrations. Staining for the Hb9 homeobox transcription factor was performed using antibodies from the Development Hybridoma Bank according to manufacturer\'s instructions.

![The median lethal dose (LD~50~) and plasma half-life (T~1/2~) of CycT and cyclopamine (Cyc).\
The LD~50~ of CycT (A) and Cyc (B) were determined by GraphPad Prism analyses after obtaining the survival data on 129S1/SvlmJ mice injected with different amounts of CycT or Cyc. Unpaired Student\'s *t*-test showed that the LD~50~ of CycT was significantly higher than that of Cyc (62.5 vs. 43.5 mg/kg body weight, *P* \<0.05). The plasma T~1/2~ values were calculated with GraphPad Prism using the values of plasma CycT (C) or Cyc (D) at different time points following intraperitoneal injection of the compounds into 3-week old mice (6 mice/dose). We observed significant variations of T~1/2~ from mouse to mouse. [Figure 2C](#cjc-30-07-472-g002){ref-type="fig"} and [2D](#cjc-30-07-472-g002){ref-type="fig"} showed the average value from one set of experiments. On average, the T~1/2~ of CycT was slightly longer than that of Cyc (1.95 h vs. 0.97 h).](cjc-30-07-472-g002){#cjc-30-07-472-g002}

Statistical analysis {#s2i}
--------------------

Values of LD~50~ and plasma half-life (T~1/2~) of CycT and Cyc were calculated with the GraphPad Prism software. The results were compared using unpaired Student\'s *t*-test, with *P* values of \< 0.05 indicating statistically significant difference. Power analysis for animal studies was performed with the Statistical Power Calculator from DSS Research (<http://www.dssresearch.com/toolkit/spcalc/power.asp>). With 6to 10 mice per group, the power of the study was 90 or higher, with a confidence interval of 90%.

Results {#s3}
=======

Assessment of properties of CycT and Cyc {#s3a}
----------------------------------------

Solubility of CycT and Cyc was examined by dissolving them in deionized water at different concentrations. CycT could be dissolved in water at 5-10 mg/mL, whereas Cyc was water insoluble. The formation of the Cyc tartrate salt is predicted to alter Cyc conformation, which may result in changes in bioavailability, biological efficacy, etc. As shown in [Figure 2](#cjc-30-07-472-g002){ref-type="fig"}, CycT exhibited a lower acute toxicity (LD~50~ = 62.5 mg/kg body weight for CycT vs. 43.5 mg/kg body weight for Cyc). Even considering the molecular weight of tartaric acid (150 Da), the difference between Cyc (411 Da) and CycT was still statistically significant (*P* \< 0.05), suggesting that mice are more tolerable to CycT. The plasma T~1/2~ for CycT and Cyc varies from animal to animal, which prevented us to accurately differentiate the two. The plasma T~1/2~ of CycT ranges from 1 to 7.8 h, whereas that of Cyc varies from 1 to 4 h ([Figure 2](#cjc-30-07-472-g002){ref-type="fig"} shows the average value from one experiment with more than 6 mice at each time point).

Effects of CycT on motor neuron differentiation {#s3b}
-----------------------------------------------

SMO antagonist Cyc and its derivatives are known to suppress the effects of SMO agonists on Hh signaling [@b17],[@b23], and these antagonistic effects have been widely used to assess drug potency. We used motor neuron differentiation as an Hh signaling readout to test the effectiveness of CycT because the motor neuron differentiation process is Hh signaling-dependent. Motor neuron differentiation was carried out by addition of retinoic acid and SHH (or SMO agonist purmorphamine) to the embryonic bodies derived from ES14Tg2a cells ([Figure 3](#cjc-30-07-472-g003){ref-type="fig"}). Purmorphamine was more effective than SHH in this assay[@b26]. CycT at 50 nmol/L was sufficient to inhibit motor neuron differentiation, with potency similar to KAAD-Cyc. In contrast, Cyc at the same concentration had no significant effects on the expression of motor neuron differentiation markers (data not shown). These data indicate that CycT is more potent than Cyc in inhibiting Hh signaling-dependent processes.

The effect of CycT on tumors in Krt6a-cre: *Ptch1^neo/neo^* mice {#s3c}
----------------------------------------------------------------

To examine if CycT is effective *in vivo* in reducing Hh signaling-mediated Carcinogenesis, we used Krt6a-cre: *Ptch1^neo/neo^* mice. As reported previously[@b20], at 4 months after treatment with retinoic acid, Krt6a-cre: *Ptch1^neo/neo^* mice developed skin lesions all over the body and the Hh target genes *Gli1, Ptch1*, and *Hip* were up-regulated. We performed topical application of CycT, Cyc, and the solvent control (70% ethanol) daily for 21 days. At the end of the study, we determined the tumor areas of treated skin by quantitatively analyzing HE-stained sections.

![Effect of CycT on motor neuron differentiation.\
A, the process of motor neuron differentiation. Embryonic stem cells in embryonic bodies can be induced by retinoic acid (RA) and SMO agonist purmorphamine (AG) to express Hh target genes *GM* and *FoxA2* as well as expression of motor neuron differentiation markers oligo2 and Hb9. The whole process takes about 5 days. B, immunofluorescent staining with Hb9 antibody in embyonic bodies of the ES14Tg2a mouse embryonic stem cell line. Hb9 expression was induced by incubation with RA and AG and inhibited by CycT. C, real-time PCR data on motor neuron differentiation. Expression of Hh target genes *Hip, GM*, and *FoxA2,* as well as neuron markers *0lig2* and *Hb9* were examined. In the presence of CycT, no induction of Hh target genes or motor neuron markers was observed.](cjc-30-07-472-g003){#cjc-30-07-472-g003}

![Effect of CycT on skin lesions from Krt6a-cre: *Ptch1^neo/neo^* mice.\
Following drug treatment, mouse skin biopsies from the areas with drug administration were collected for HE staining. The effectiveness of CycT was examined by comparing the tumor areas between the two groups (A) and ImageJ analyses of 8 independent tissue areas per mouse (B, the average data from 6 mice in each group). While the skin in the control group contained ∼30% of tumor area in the skin section, CycT-treated skin had only 10% to 15% of tumor area in the tissue. With 6 mice for each group, the statistical power for this study was 90.6. The level of Hh target gene expression was examined by real-time PCR (C), with both *GM* and *Hip* being down-regulated by CycT (*P* \< 0.05 from unpaired Student\'s *t*-test for two samples).](cjc-30-07-472-g004){#cjc-30-07-472-g004}

As shown in [Figure 4](#cjc-30-07-472-g004){ref-type="fig"}, CycT at 5 µmol/L reduced tumor area by 60%. Even at a lower concentration (0.5 Mmol/L), CycT was shown to reduce tumor areas by half. In contrast, the maximum reduction in tumor area in the Cyc treatment group was less than 5% ([Figure 5](#cjc-30-07-472-g005){ref-type="fig"}). Notably, mice treated with CycT or control solvent did not exhibit any significant differences in animal behavior, body weight, or lifespan, suggesting that topical application of CycT is not toxic. Taken together, our data in Krt6a-cre:*Ptch1^neo/neo^* mice indicates that CycT is an effective and non-toxic inhibitor for Hh signaling-mediated tumorigenesis when being applied topically.

Since CycT is an Hh signaling inhibitor, we examined the effect of CycT on Hh target gene expression by real-time PCR analysis. As shown in [Figure 4D](#cjc-30-07-472-g004){ref-type="fig"}, we found that CycT decreased expression of Hh target genes *Hip* and *GM*. Based on these results, we concluded that CycT decreased tumor areas through inhibiting Hh signaling.

The effect of CycT on tumors in Krtl4-cre: *SmoM2^YFP^* mice {#s3d}
------------------------------------------------------------

In addition, we tested the effect of CycT on tumors in Krt14-cre: *SmoM2^YFP^* mice. As mutant SMO is known to be more resistant to SMO antagonists, we predicted that only potent compounds could inhibit *SmoM2^YFP^*-mediated tumors. By mating Krt14-cre mice with R26-*SmoM2^YFP^* mice, we generated Krt14-cre/R26-*SmoM2^YFP^* mice, which have microscopic BCCs all over the body in 8-week old mice[@b27]. We observed that Hh target genes *GM* and *Ptch1* were up-regulated in the skin[@b27]. These mice were treated with CycT by topical application daily for 21 days, and the tumor area in the skin of the CycT-treated group was compared with that of the control group. We found that CycT significantly reduced tumor area by nearly 30% in the tissue in all mice (*n* = 6) in comparison with the control group ([Figures 6A](#cjc-30-07-472-g006){ref-type="fig"} and [6B](#cjc-30-07-472-g006){ref-type="fig"}). The levels of Hh target genes *GM* and *Ptch1* in the skin from CycT-treated mice decreased ([Figure 6C](#cjc-30-07-472-g006){ref-type="fig"}), indicating the specific inhibition of Hh signaling. These data further indicate that CycT is quite effective in inhibiting potent Hh signaling-induced Carcinogenesis driven by loss of tumor suppressor *Pich1* or expression of oncogenic Smo mutant *SmoM2*.

![Comparing CyC with CycT in tumor shrinkage of Krt6a-cre: *Ptch1^neo/neo^* mice.\
A shows HE slides from different treatments. B shows the percentage of tumor area per tissue area in Krt6a-cre: *Rtch1^neo/neo^* mice, which were generated from ImageJ analyses. \* indicates significant differences between two samples (*P* \< 0.05). We noticed that CycT-treated group had low tumor area value than Cyc-treated group. C shows RT-PCR data of hedgehog target genes and the β-actin control. CycT significantly reduced expression of HIP and Ptch1, whereas Cyc had little effects on hedgehog target gene expression.](cjc-30-07-472-g005){#cjc-30-07-472-g005}

Discussion {#s4}
==========

Previous work has confirmed that Cyc is a valuable resource in the battle against BCCs and medulloblastomas[@b23],[@b28]. Despite the prominent potential of using Cyc as cancer therapeutic agent, several obstacles hamper its development and application, particularly its low solubility and weak potency for inhibiting Hh signaling. Therefore, efforts have been devoted into the synthesis of Cyc derivatives. In our studies, we observed significant variations in the plasma T~1/2~ of both CycT and Cyc, which were different from a previous study in mice [@b29] and sheep[@b30]. Although CycT has some improvements in water solubility and acute tolerance in mice, we think additional improvements are required for therapeutic use of CycT. At present, the solubility of CycT is still not very high (5--10 mg/mL), and it still has some toxicity in mice. Our studies in topical application of CycT on mouse BCCs suggest that bioavailability and bioactivity of CycT is reasonably high.

In this study, we examined the effects of Cyc and its tartrate salt (CycT) on Hh signaling-dependent motor neuron differentiation and Hh signaling-mediated Carcinogenesis in mouse models. Following topical application of Cyc or CycT daily for 21 days, tumor shrinkage was observed in all mice, and these effects were associated with inhibition of Hh target genes. In all analyses, CycT was a more potent inhibitor of Hh signaling-mediated effects than Cyc. In the Krt6a-cre: *Ptch1^neo/neo^* mouse model, the effect of CycT was comparable to the effect of KAAD-Cyc (data not shown), a Cyc derivative[@b17]. Although KAAD-Cyc is not water soluble, its potency was significantly higher than Cyc \[50% inhibition concentration (IC~50~) = 20 nmol/L for KAAD-Cyc vs. 300 nmol/L for Cyc\] (data not shown). Thus, as the known Hh signaling inhibitor KAAD-Cyc reduced tumor area by more than half in Krt6a-cre: *Ptch1^neo/neo^* mice (data not shown), we concluded that our model is good for testing drugs with inhibitory effects on Hh signaling. The exact molecular basis for the high potency of CycT is currently unknown. We speculate that interaction of tartaric acid with Cyc may trap Cyc in a conformation more capable of efficient binding to SMO.

Due to low or undetectable Hh signaling activity in most cultured cells, there is a great need for a relatively simple and robust mouse model for *in vivo* assessment of the biological activities of Hh signaling inhibitors. In the present study, we used two mouse models of BCCs to assess the effect of CycT. One BCC mouse model is based on tissue-specific knockout of *Ptch1*, and the other is based on tissue-specific knock-in of activated *Smo, SmoM2*[@b12]. In both models, we detected skin lesions a few weeks after birth. Because they lacked fur, the mice were amenable for topical application of compounds. Consistent with this phenotype, expression of Hh target genes in the epidermis of these mice was shown to be elevated. Topical application of drugs at relatively high concentrations (5 Mmol/L) had no significant effects on the survival or health of mice, suggesting little toxic effects of these compounds when applied topically. These data were substantiated by the effect of CycT on pancreatic cancer metastasis in an orthotopic mouse model ([Figure 7](#cjc-30-07-472-g007){ref-type="fig"}). These *in vivo* mouse models provide useful tools to assess the effects of Cyc derivatives on Hh signaling-mediated Carcinogenesis.

![Effect of CycT on skin lesions from Krt14-cre: *SmoM2^YFP^* mice.\
The effectiveness of CycT on SmoM2-mediated skin tumors was examined by comparing the tumor areas between the control and CycT-treated groups following drug treatment and HE staining (A) and imageJ analyses of 8 independent tissue areas (B). In this model, the percentage of tumor area in skin tissue was over 70% in the control group, but less than 40% in the CycT group. Each group had 10 mice, and the statistical power of this study was 100. The level of Hh target gene expression was examined by real-time PCR (C), with both *GM* and *Ptch1* down-regulated by CycT (*P* \< 0.05 from unpaired Student\'s *t*-test for two samples).](cjc-30-07-472-g006){#cjc-30-07-472-g006}

Hh signaling is activated in BCCs and medulloblastomas. The rationales to treat BCC and medulloblastomas with Hh signaling inhibitors are supported by both human cancer analyses and by animal models. However, the role of Hh signaling in other solid tumors is unclear. Our unpublished data indicate that Hh signaling is activated during pancreatic cancer metastasis ([Figure 7](#cjc-30-07-472-g007){ref-type="fig"}). In an orthotopic mouse model of pancreatic cancer metastasis, our preliminary studies showed that 60% of mice in the control group had lymph node metastasis whereas only 30% of the mice in the CycT group had cancer metastasis ([Figure 7](#cjc-30-07-472-g007){ref-type="fig"}), suggesting that CycT was effective in reducing lymph node metastasis of pancreatic cancer.

In summary, Cyc is insoluble in water, whereas CycT can be dissolved in water at 5 to 10 mg/mL. Our results show that the LD~50~ of CycT (62.5 mg/kg body weight) is greater than that of Cyc (43.5 mg/kg body weight). In two independent mouse models of basal cell carcinomas, CycT induced tumor shrinkage, which was associated with decreased Hh target gene expression. These data indicate that CycT is an effective Hh signaling inhibitor that warrants further investigation as a novel cancer therapeutic agent.

![Effects of CycT on lymph node metastasis of pancreatic cancer.\
A shows the orthotopic model of pancreatic cancer metastasis. Mice were killed 6 weeks after GFP-expressing ASPC-1 cells were injected into the pancreas of NGS mice. GFP-positive tissues indicate tumor and its metastases in different organs (noticeably lymph nodes and liver). B shows expression of Hh target gene *GM*, indicating activation of hedgehog signaling pathway during pancreatic cancer metastasis. C shows the percentage of mice with lymph node metastases of tumor in two groups (control or CycT-treated), with 10 mice in each group.](cjc-30-07-472-g007){#cjc-30-07-472-g007}
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